Lower limb injuries account for most of all injuries suffered by athletes and the knee joint accounts for over half of these. The etiology of knee pain is multifactorial; a good history focusing on the mechanism of injury and the chronicity of pain is extremely useful in correlating with radiologic findings and establishing a clinically meaningful diagnosis. This review article will discuss several important and common causes of acute and chronic knee pain in athletes, focusing on their mechanism of injury and site of pain as well as their salient imaging findings. R esum e La plupart des blessures affectant les athl etes touchent le membre inf erieur et plus de la moiti e d'entre elles visent l'articulation du genou. L' etiologie de la douleur au genou est multifactorielle. Une anamn ese solide ax ee sur le m ecanisme de blessure et la chronicit e de la douleur est extrêmement utile pour etablir une corr elation avec les constatations radiologiques et poser un diagnostic significatif sur le plan clinique. Le pr esent article de synth ese aborde plusieurs causes importantes et courantes des douleurs aigu€ es et chroniques au genou chez les athl etes. Il met l'accent sur le m ecanisme de blessure, le foyer de la douleur et les constatations radiologiques qui s'y rattachent.
Lower extremity pain is extremely common in athletes, accounting for up to 90% of all injuries [1, 2] . The knee joint has the largest articulating surface in the lower limb and accounts for well over half of the injuries [3] . The etiology of knee pain is multifactorial but a good history focusing on the mechanism of injury and the chronicity of pain is extremely useful in correlating with radiologic findings and establishing a clinically meaningful diagnosis. The athlete's sport in question is important, as is the acuity of the pain. Acute traumatic injuries have a different set of findings compared to chronic or overuse injuries. Although conceivably an athlete can suffer from any injury, particular sports are associated with characteristic injuries, for example, the association of classic pivot shift injury and sports such as American football and skiing is well recognized. Straightforward traumatic fractures of the bones of the knee joint have not been discussed in this article.
Imaging
Plain radiographs are the first line imaging modality in evaluating knee pain and can reliably demonstrate fractures and may show secondary signs of soft tissue injury. Clinical evaluation of the affected joint, including a good history, can be quite accurate in identifying soft tissue injury in the knee joint, for example, the Lachman test has a sensitivity of up to 85% in identifying anterior cruciate ligament (ACL) injury [4] . However, imaging, mainly magnetic resonance imaging (MRI) remains one of the definitive methods of identifying the cause of knee pain, the other being knee arthroscopy. An understanding and knowledge of the salient internal anatomy is requisite, namely the extensor mechanism and the knee stabilizers and these will be referred to as each specific injury is discussed.
Acute Traumatic Pain
Acute knee injury is common in sports that involve rapid acceleration, deceleration, and change of direction or pivoting, such as American football, soccer, basketball, and skiing. ACL trauma accounts for the majority of these, over 50% in 1 cross-sectional study in a specialized sports trauma center [3] . The noncontact mechanism accounts for 70%-80% of these injuries [5, 6] .
Noncontact

Pivot Shift
A common noncontact injury resulting in acute knee pain is the pivot shift injury, which accounts for most of ACL tears [5, 7] . This involves a valgus load applied to the knee combined with internal femoral or external tibial rotation. This results from rapid deceleration and simultaneous change of direction, a common maneuver in sports like American football and soccer. Athletes may report hearing a popping sound and rapid knee swelling. Knee instability is both reported by the patient and elicited during clinical examination.
Soft tissue
The maneuver leads to loading of the ACL, which acts to prevents anterior movement of the tibia, resulting in its disruption and anterior subluxation of the tibia in relation to the femur. Quadriceps loading at the time of injury has been implicated as the intrinsic force in noncontact ACL injuries [8] . Patient and knee positioning are important in accurately depicting and increasing the accuracy of demonstrating ACL injuries. MRI images acquired with the knee in 30 -55 of flexion, improves diagnosis of ACL trauma [9, 10] . In addition to standard orthogonal plane imaging, oblique multiplanar imaging improves accuracy of demonstrating ACL injuries [11] . MRI in the oblique sagittal plane can demonstrate complete disruption of fibers or non visualization of the ACL as well as varying degrees of high signal within the ACL on T2-weighted (T2W) or fluid-sensitive sequences, a normally low signal structure on all pulse sequences. There is good correlation between MRI and arthroscopic findings, nearly 100% specificity and sensitivity in a series using a 3.0-T scanner [12] . The majority, over 80%, of ACL tears are complete [13] . Midsubstance tears are the most common site, accounting for over 70% (Figure 1 ), followed by tears at the femoral attachment site and least commonly in the tibial site [14] . Partial or incomplete tears account for the remainder of ACL injuries (20%) and represents a greater challenge to diagnose, although accuracy can be improved to up to 95% with 3.0T MRI [15] . Joint effusions, mostly hemarthrosis, are common as the ACL (as well as the posterior cruciate ligament [PCL]) is an intracapsular, extrasynovial structure.
Injuries and signal abnormalities are also noted within the other stabilizers and support structures including the PCL, medial collateral (MCL) and lateral collateral ligaments, the menisci and posterolateral corner. These will be discussed separately.
Bone
Anterior tibial subluxation causes impaction of the lateral aspect of the lateral femoral condyle against the posterolateral margin of the lateral tibial plateau, leading to a characteristic bone bruise pattern on T2W or short tau inversion recovery (STIR) sequences. Oedema may also be noted in the medial tibial plateau, as a result of a contrecoup injury [14] . Severe impaction can lead to osteochondral fractures, which are depicted easily by both plain radiographs and MRI.
Plain radiographs may demonstrate anterior tibial subluxation, relative to the femur, known as the anterior translation sign [16] or may demonstrate a Segond or lateral capsular attachment avulsion fracture ( Figure 2 ), which has a classic association with ACL tears (over 70%) and other ligamentous injuries [17] . Tibial spine fractures, more common in the pediatric population, are a less common and reliable feature.
Noncontact Hyperextension
This mechanism of injury can be due a missed landing such as by a gymnast or basketball player or due to a strong kicking maneuver by a soccer or football player. The forced hyperextension leads to impaction of the anterior femur and the tibia as well as stretching the cruciate ligaments. Figure 1 . Sagittal fat-suppressed T2-weighted magnetic resonance imaging (T2W MRI) in a 17-year-old field hockey player demonstrates high signal and expansion in the midsubstance of the anterior cruciate ligament (arrows) consistent with a partial tear. Fat-suppressed sagittal T2W MRI depicts oedema in the lateral femoral and tibial condyles (arrowheads) indicating a pivot shift injury. This figure is available in colour online at http://carjonline.org/.
Soft tissue
The degree of forceful hyperextension determines the range of soft tissue injuries, primarily the ACL and PCL. ACL findings are similar to those described previously. PCL injuries are uncommon in isolation and occur mostly in combination with injuries to other structures mainly the ACL, MCL, and the medial meniscus [18] . There is considerable variability in the reported incidence in literature, ranging from 1%-44% of all acute knee injuries [19] . The PCL is a homogenously low signal structure on all sequences. Anteroposterior diameter of 7 mm or more is a reliable sign of PCL trauma, which tends to maintain its continuity as a single structure [20] . Incomplete tears (intrasubstance and partial tears) account for over 50% ( Figure 3 ) and are demonstrated by high signal confined within the ligament or extending to interrupt a portion of 1 of the margins of the ligament [18] . Complete tears are less common and can be present as nonvisualization or amorphous high signal in the region of the PCL [18] . Severe hyperextension may result in complete knee dislocation [21] and injury to other disruption of structures such as the posterolateral complex, described separately.
Bone
Plain radiographs may show an avulsion fracture of the proximal fibula, at the insertion site of the arcuate ligament complex, known as the arcuate sign ( Figure 4 ). This is associated with cruciate ligament injury in a large proportion of cases and is important to recognize as subsequent posterolateral instability (discussed later) may result in failed cruciate ligament repair [22, 23] .
Bone oedema is common, found in 83% in 1 series [24] . Hyperextension results in impaction of the anterior tibia and femur resulting in a characteristic bone bruise pattern on T2W or STIR sequences. If there is a concurrent valgus strain, the oedema will be located on the anteromedial aspects of the bones [14] . Severe impaction can also result in osteochondral fractures.
Fixed Flexion-Internal Rotation
The mechanism of this injury is internal femoral rotation with the knee in fixed flexion with the foot planted and a valgus component as a result of a twisting motion [25] . Simultaneous quadriceps contraction leads to lateral patellar dislocation, frequently transient. A number of anatomical variant factors are implicated in increasing the risk of lateral patellar dislocation, such as trochlear dysplasias and patella alta [26] . This injury is usually encountered in young athletes.
Soft tissue
The main findings are disruption of the medial stabilizers, the medial patellofemoral ligament and the medial patellar retinaculum ( Figure 5 ), in virtually all patients [27] . Also, 50%-90% involve the patellar insertion site of the ligaments, 25% the femoral attachment and 20% demonstrate injury to all 3 portions, including the midsubstance [28] . A joint effusion is seen in almost all cases [27] . There may also be disruption of the adjacent vastus medialis obliquus muscle, visualized as oedema or hemorrhage on coronal T2W sequences [29] .
Bone
The characteristic bone bruise pattern is oedema in the inferomedial patella and the anterolateral femoral condyle, with more than two-thirds of patients demonstrating either oedema or osteochondral defects in the patella [26] . The majority of patients will show some persistent lateral subluxation or patellar tilt [28] .
Contact Injuries
Contact Valgus Stress
This is known as a clip injury, due to a contact valgus load, with the knee usually in mild flexion, an injury common in American football players [14] . Figure 4 . Frontal radiograph in a 20-year-old soccer player with a minor hyperextension injury demonstrating the arcuate sign, a proximal fibular avulsion fracture (arrow). Subsequent sagittal T2-weighted magnetic resonance imaging showed oedema at the anterior femoral condyle (curved arrows) and a partial posterior cruciate ligament tear (arrowheads). The patient also had a high grade anterior cruciate ligament tear (not shown). This figure is available in colour online at http://carjonline.org/.
Soft tissue
A severe clip injury can result in the ''terrible triad'' or O'Donoghue triad of injuries ( Figures 6 and 7) , classically a combination of ACL rupture with medial meniscal (MM) and MCL injury. However, the classic triad is uncommon, with lateral meniscal (LM) injury a more common finding in athletes than injury of the medial meniscus [30] . This constellation of soft tissue injuries can also be seen in the noncontact pivot shift injury, described previously.
MCL injuries are not common in isolation and have an over 70% association with ACL and other ligamentous injuries and can present as the described triad. While all grades of MCL tears are associated with other injuries of the knee, high grade or grade 3 tears have the highest association [31] and are the most clinically relevant in determining the involvement of the deep MCL and the need for interventional management [32] . Coronal T2W or fat-saturated sequences can demonstrate a complete transverse tear as well oedema both superficial and deep to the discontinuous fibers. Grade 1 tears show intact fibers with increased T2 signal around the superficial layer [33] . Grade 2 tears demonstrate partial disruption of fibers and surrounding oedema and hemorrhage on T2W and T1-weighted images.
MRI demonstrates meniscal injuries with high sensitivity (93% for MM, 79% for LM) and specificity (88% for MM and 96% for LM), using arthroscopy as gold standard [34] . Identification of tears as longitudinal, horizontal, radial, or complex in morphology is important as longitudinal tears are often amenable to repair whereas the other types may require partial meniscectomy [35] . Peripheral longitudinal tears in particular have a close association with ACL tears, with 90% of MM and 83% of LM tears associated with ACL tears [36] . Displaced tears including displaced flaps, free fragments and bucket-handle tears (Figures 8 and 9 ) are important to identify as free fragments could be potentially missed on arthroscopy and result in persistent knee locking [34] . Bucket-handle tears are 7 times more common in the MM [37] with several MR appearances including the double PCL, absent bow tie, and double anterior horn sign [34] . Figure 6 . Sagittal and coronal fat-suppressed T2-weighted study in a 38-year-old amateur rugby player demonstrating high grade anterior cruciate ligament tear (arrows), suprapatellar effusion (asterisk), grade 2 medial collateral ligament, and grade 3 lateral collateral ligament tears, as part of a ''terrible triad'' spectrum of injuries (see Figure 7 ). This figure is available in colour online at http://carjonline.org/.
Bone
Plain radiographs may demonstrate the Pellegrini-Stieda lesion, a sequela of prior MCL tear, having been described by some as warranting surgical intervention [38] . Bone oedema is demonstrated on MRI within the lateral femoral condyle and lateral tibia as well in the medial femoral condyle, due to MCL avulsion [14] .
Contact Hyperextension
A concurrent blow to the anterior tibia with the knee in hyperextension is another possible mechanism of injury in American football and other contact sports like rugby and wrestling ( Figure 10 ) and results in injury to the PCL and ACL as described previously. Severe anterior force can also result in injury and disruption of the posterolateral corner, which has a relatively complex anatomy with considerable variability [39] . Generally speaking, it consists of 3 layers; a superficial layer comprising the iliotibial band and the biceps femoris tendon; a middle layer encompassing the quadriceps tendon, patellofemoral, and patellomeniscal ligaments; and a complex deep layer which comprises the fibular collateral and coronary ligaments, as well as the structures which of the popliteus musculotendinous complex including the arcuate ligament and posterolateral joint capsule [40] . The arcuate ligament can be difficult to visualize on MRI and is normally seen as lateral thickening of the capsule [41] .
Soft tissue
Posterolateral complex injuries ( Figure 11 ) are important to diagnose as high grade tears are usually associated with 1 or more cruciate ligament tears and failure to address posterolateral corner instability may result in ACL and PCL graft failure [40] . They are classified as grade 1, 2, or 3 sprains, corresponding to minimal, partial, or complete tearing, respectively, with grade 3 injuries the most surgically relevant [40] . Associated ACL and PCL injuries are as described previously.
Bone
MRI depicts oedema in the anterior or anteromedial tibia as well as the anterior femur resulting in kissing pattern of contusions [14, 42] . 
Tendon Tear
Patellar tendon injuries ( Figure 12 ) are relatively rare in professional athletes and occur as a result of an eccentric overload on a flexed knee and are usually non contact but can occur as a result of a direct blow [43] . Quadriceps tendon tear (Figure 13 ) is the second most common extensor mechanism injury after patellar fracture and typically occurs at the tendo-osseous junction, near the superior pole of the patella [44] . However, these are rare in younger patients and high-level athletes and typically occur due to an eccentric quadriceps load [45] such as caused by a sudden fall or tackle in a football game with the foot fixed and the knee in flexion.
Chronic Pain and Overuse Injuries
The site of pain within the chronically painful joint can indicate the structures involved and help in radiological interpretation. Injuries of the major knee stabilizers discussed previously can also cause chronic pain.
Anterior Knee Pain
Patellar tendinopathy
Lian et al [46] reported an overall prevalence of 14.2% in a cross-sectional study of elite national level athletes from 9 difference sports, with the highest prevalence reported in volleyball (44.6%) and basketball (31.9%), both of which involve jumping. However, patellar tendinopathy can also be noted in endurance sports such as triathlon, noted in both the cycling and running aspects [47] . Plain films may demonstrate intrasubstance calcification or evidence of Osgood-Schlatter disease [48] . Ultrasonography Figure 12 . Axial and sagittal T2-weighted magnetic resonance imaging demonstrates focal high signal intensity within the proximal patellar tendon (arrows) in keeping with a focal full thickness tear. This figure is available in colour online at http://carjonline.org/. Figure 13 . Axial and sagittal T2-weighted magnetic resonance imaging demonstrates high signal within and fraying of the distal quadriceps tendon (arrows) as well as oedema in the superior patellar pole, consistent with a partial quadriceps tear. This figure is available in colour online at http://carjonline.org/. may demonstrate swelling and focal hypoechoic areas and increased vascularity on Doppler interrogation [49] . MRI demonstrates focal areas of high signal on T2W sequences (Figure 14) , intermediate signal on T1W images and enhancement post contrast administration [48] . These findings are usually located within the proximal tendon towards its deep surface. Inferior pole bone marrow oedema can also be seen [50] .
Patellar cartilage
Patellar cartilaginous lesions implicated in chronic anterior knee in young athletes include chondromalacia patellae and osteochondritis dessicans (OCD). Chondromalacia patella refers to the articular cartilaginous degeneration and is potentially reversible or can progress to patellofemoral arthritis [51] . MR sequences include fat-suppressed T2W or proton density sequences to visualize cartilaginous defects ( Figure 15 ). Various grading systems such as the Outerbridge classification divide them into 4 grades based on progressive fibrillation, fissure formation, fragmentation and crater formation, and exposure of underlying bone [52] . Corresponding MRI findings include high signal intensity within the cartilage, contour bulges, and partial and full thickness defects with underlying subchondral signal intensity changes [53] .
Osteochondritis dessicans
OCD refers to osteochondral fractures with repetitive microtrauma implicated as the primary mechanism. OCD can be demonstrated on multiple modalities including plain radiographs. However, MRI is commonly used to assess stability of the lesion, with findings including surrounding rim of T2W high signal, surrounding cysts, high signal fracture line extending through the overlying articular cartilage and a fluid filled defect [54] . A common location is the lateral aspect of the medial femoral condyle (Figure 16 ).
Overuse syndromes
These represent chronic avulsion fractures from the infrapatellar tendon, associated with overuse in young athletes and include Sinding-Larsen-Johansson disease (Figure 17 ) at the patellar insertion and Osgood-Schlatter disease (Figure 18 ) at the tibial insertion [48] . Plain radiographs and MRI in Sinding-Larsen-Johansson disease may show ossification of the proximal patellar tendon or fragmentation at the inferior pole of the patella [55] . Additional MR findings include focal tendon expansion and T2W high signal changes. Osgood-Schlatter disease demonstrates similar findings at the tibial insertion site, with MRI aiding in differentiating it from avulsion fractures of the tibial tuberosity [55] .
Patellofemoral pain syndrome
This remains one of the most common causes of anterior knee pain and is essentially a diagnosis of exclusion of the pathologies discussed earlier. However, underlying anatomical abnormalities such as patella alta or baja, trochlear sulcus hypoplasia, and patellar tilt may play a role in its etiology [56] . Bone scintigraphy may show diffuse uptake in 1 or more of the compartments of the knee joint [57] .
Lateral Knee Pain
Iliotibial band syndrome
Iliotibial band (ITB) syndrome is one the most common overuse injuries, especially in runners, with an estimated Figure 16 . Axial and sagittal T2-weighted magnetic resonance imaging in a 37-year-old amateur marathon runner demonstrates an osteochondral defect at the medial aspect of the lateral femoral condyle (arrows). This figure is available in colour online at http://carjonline.org/. prevalence of between 5%-14% [58] . Abnormal running biomechanics are implicated, such as hip abductor weakness [59] . Repetitive knee flexion and extension causes the ITB to rub against the lateral femoral condyle, causing lateral knee pain. MRI (Figure 19 ) can demonstrate ill-defined T2 high signal primarily deep and occasionally superficial to the ITB [60] . Acute or subacute injuries can be associated with bone oedema at the anterior aspect of the medial femoral condyle [61] .
Chronic meniscal tears
Isolated or long-standing meniscal injuries can also cause chronic lateral or medial knee pain (Figure 20) , following the acute insult or without a clear history of acute trauma.
Biceps femoris tendinopathy
Biceps femoris tendinopathy can cause lateral knee in athletes, most frequently seen in runners and associated particularly with downhill running and sprinting. It has also been implicated in anterolateral-anteromedial instability in acute trauma, injured in 72% of cases, with 96.3% involving the short head [62] . Imaging findings are similar to other tendinopathies.
Medial Knee Pain
Medial plica syndrome
Persistent membranous septae that divide the embryological synovial mesenchyme as it evolves into the medial, lateral and suprapatellar compartments are termed plicae. Overall incidence in the general population is estimated at 20% [63] . Causes of medial plica thickening and subsequent medial knee pain are direct trauma leading to synovial hematoma or inflammation and repetitive overuse in various athletic activities [64] . The size and morphologic features do not necessarily indicate clinical significance, but symptomatic plicae are usually thickened with associated Figure 18 . Sagittal T1-weighted magnetic resonance imaging demonstrates the presence of cortical bone (arrow) at the inferior aspect of the patellar tendon in a 20-year-old soccer player with chronic Osgood-Schlatter disease. This figure is available in colour online at http://carjonline.org/. Figure 19 . Sagittal and axial fat-suppressed T2-weighted images in a runner with lateral knee pain demonstrate high signal intensity surrounding the iliotibial band (arrows). This figure is available in colour online at http://carjonline.org/.
synovitis. They are seen as bands of low signal intensity within high signal intensity joint fluid ( Figure 21) , with gradient-echo T2W and fat-suppressed T2W most useful. [65] . Clinical examination remains key in determining the significance of MR presence of plicae, with imaging serving an additional role in detection or exclusion of other contributory pathologies [66] . Dynamic sonography has also been described having good sensitivity (90%) and specificity (83%) in the detection of medial plica abnormalities [67] .
Pes anserinus tendo-bursitis
The sartorius, gracilis, and semitendinosis muscle tendons are closely related forming the pes anserinus medially at their tibial insertion. Pes anserinus bursitis has an MRI prevalence of 2.5% in adult patients with medial knee pain and can mimic a medial meniscal tear clinically [68] . MR can show collection of fluid in the pes anserine bursa on T2W images (Figure 22 ). Chronic bursitis demonstrates a thickened synovial lining and heterogeneous signal intensity fluid [69] .
Conclusion
Knee pain in athletes is multifactorial in etiology and the combination of imaging with a good clinical history focusing on the mechanism of an acute injury and the site of chronic Figure 20 . Coronal and sagittal fat-suppressed T2-weighted magnetic resonance imaging demonstrates a high grade articular surface tear of the posterior horn of the medial meniscus (arrow) associated with a 4 mm meniscal cyst (curved arrow), in a 28-year-old Gaelic football player with chronic medial knee pain. This figure is available in colour online at http://carjonline.org/. Figure 21 . Axial T2-weighted magnetic resonance imaging depicts a thickened cord-like medial plica (arrow) in a runner with recurrent medial knee pain. This figure is available in colour online at http://carjonline.org/. knee pain is crucial in establishing a clinically meaningful diagnosis.
